INTRODUCTION
In Latin America and the Caribbean, as in other regions of the world, a number of different bovine haemoparasitic diseases occur.
There is a consensus on the economic importance of babesiosis (Babesia bovis and/or B. bigemina) and anaplasmosis (Anaplasma marginale).
The vector of B. bovis and B. bigemina for the whole region is the common cattle tick, Boophilus microplus, though in Mexico it shares this role with Boophilus annulatus (30, 116) . B. microplus is also able to transmit A. marginale (21, 96, 129, 132, 133) . However, in some regions of Latin America, the geographical distribution of anaplasmosis is more widespread than presence of Boophilus, indicating the existence of other vectors (7) . A great variety of haematophagous Diptera, ticks other than B. microplus and rural farming practices were all factors involved in the transmission of A. marginale (144) , but information relevant to these vectors is scarce for some zones in the region (1) . In Cuba, Cordoves and colleagues (23) and Postoian and colleagues (94) listed the most common haematophagous Diptera suspected as vectors of anaplasmosis. Some of these (e.g. Tabanidae) could play an important role in the transmission of A. marginale in the whole region.
The various parameters which interact in the epidemiology of babesiosis and anaplasmosis and which it is necessary to obtain in a survey will be analysed and the two diseases compared. When data from Latin America and the Caribbean are lacking, references from Australia and the United States of America (USA) will be discussed.
BABESIOSIS
The epizootiology of babesiosis can be studied in two ways: through investigation of the Boophilus-Babesia-cattle system and through analysis of the various parameters involved.
The Boophilus-Babesia-cätÜe system: babesiosis forecasting
In an ideal situation, the components of the Boophilus-Babesia-catÜe system interact to maintain a balance ensuring their propagation. Exceptionally, Babesia of cattle can take refuge in other herbivores (17, 104) . The Boophilus vectors of Babesia are considered as specific to cattle, though rare infestations can be observed in other ungulates (42). For the purposes of this discussion, the Boophilus Babesia-cattle system will be considered to be without other hosts.
Babesia
Babesia is the weakest point of the system, since it needs Boophilus and cattle to maintain itself; then follows Boophilus which depends on livestock; and finally the latter, acting as simple support for the other two components and dependent on neither.
The weak position of Babesia in the biological system is more evident when one considers that 74-90% of larvae fixed on susceptible cattle do not complete their cycle; these percentages reach 94-99% in B. microplus-resistant cattle (122) . Mortality of the larvae occurs mainly in the first 24 hours after tick fixation on the host (60, 105) . Moreover, climatic factors may result in larval mortality and prevent oviposition or normal development of the eggs (40, 81) while cattle can also avoid places with high larval infestation (123) . Therefore, in order to be maintained in the surrounding environment, Babesia must generate tick infection rates high enough to exceed the tick mortality rate and infect cattle. In cattle, Babesia must overcome the immunological reaction of animals and maintain a sufficient parasitaemia to infect ticks before they drop from the host.
Cattle
Although, in some situations, babesiosis is considered more pathogenic in calves (69, 86) , Babesia infection is generally more severe in cattle over nine months old (100, 114) . This was confirmed in Australia, where 76% of the mortality induced by B. bovis occurred in cattle over one year of age (11) , and in Argentina, where 84% of B. bovis and B. bigemina cases corresponded to this age group (118) . The recovered cattle are protected against another challenge from Babesia for about four years (50). The greater resistance of young cattle leads to the concepts of enzootic stability and instability. In the case of enzootic stability, the interaction of Boophilus, Babesia and local cattle is significant enough to produce an early infection of cattle and prevent cases of babesiosis. In an unstable situation, however, many calves reach critical age without infection and express babesiosis later.
Ticks
Tick infection takes place during the rapid phase of feeding corresponding to the last 24 hours of the female cycle on cattle (18). Although parasitaemia is obviously necessary to infect B. microplus, there is no direct relation between the level of parasitaemia and the tick infection rate (25), a situation which has also been observed in ticks fed on Bos taurus breeds (Hereford and Criolla) with various natural forms of parasitaemia involving Babesia (25). However, ticks fed on B. indicus (Nelore) showed a lower infection rate than their counterparts fed on B. taurus; this was related to the low parasitaemia found in Nelore (36).
The sexual cycle of Babesia begins in the tick gut (78) and results in kinetes which, via the haemolymph, invade ovaries and other organs. Infected eggs from ovaries produce infected larvae which ensure the survival of Babesia if they succeed in feeding on cattle. B. bovis is inoculated by larvae 48 to 72 hours after fixation (100) while B. bigemina is transmitted mainly by nymphs (99) and possibly by males (24) and females of B. microplus (31).
Husbandry management
The interaction between Boophilus, Babesia and cattle gives rise to a wide range of situations due to different husbandry management systems. For instance, the introduction of European breeds into tropical and subtropical regions of South America often failed because of high losses due to ticks and babesiosis (139) . The use of acaricides, alone or in combination with pasture spelling, was responsible for enzootic instability (49). Moreover, Dallwitz and colleagues (25) observed that tickresistant cattle can be reared without clinical babesiosis. However, Mahoney and colleagues (74) indicated that tick-resistant cattle cannot reach enzootic stability as easily as susceptible cattle. Spath and colleagues (120) observed a direct relation between instability and cross-bred B. taurus x B. indicus cattle which were considered tick-resistant. The observation made by Dallwitz could be explained by a higher resistance to babesiosis among tick-resistant cattle (26, 106). Nevertheless, this resistance to babesiosis is not absolute; Rogers and colleagues (107) found that 25% of babesiosis outbreaks in Queensland affected tick-resistant cattle (B. taurus x B. indicus). Moreover, Parker and colleagues (89) found that tick-resistant cattle were less susceptible to B. bigemina than non resistant cattle, while Daly and Hall (26) were unable to find any difference between B. bigemina infections in tick resistant and non-resistant cattle. Therefore, evidence of a link between resistance to ticks and enzootic stability is not conclusive.
Mathematical model
With a better understanding of the interactions between Boophilus, Babesia and cattle, mathematical models were developed to explain some relations of the systems, simulate the epizootiology of babesiosis (29, 71, 73, 113) and predict the risk of occurrence.
To this end, the key parameter is the inoculation rate (h). If the value of h is high enough, the majority of calves will be infected before nine months of age, and the probability of babesiosis will be low. The risk of babesiosis is also low with a low value of h, but high with an intermediate value.
The value of h for B. bovis is calculated by the following formula (73) Given knowledge of the percentage of seropositive animals (I) of a determined age, it is possible to calculale h, a and m. However, there is not always a good correlation between calculated and observed values for a, as shown in Table I .
Moreover, Mahoney and colleagues (74) Moreover, Dalgliesh and Stewart (24) demonstrated that the exposure of larvae at 14°C over three to five weeks increased infection with B. bovis and, to a lesser extent, with B. bigemina. Considering the temperature fluctuations, it would be necessary to take samples of larvae every two or three weeks at different temperatures to know the infection rate. This may be too difficult to perform.
The low reliability of calculated a values does not necessarily affect the validity of h estimated with I and t.
The value of h can express the number of Babesia infections received by a herd during a certain time without considering the complex conditions leading to infection.
Smith and colleagues (115) concluded in Brazil and Uruguay that the risk of babesiosis could not be precisely deduced from the observed infected larvae, unlike the infection rate of eight to ten-month-old cattle.
The FAO (30) also pointed out that the two key epidemiological parameters which may be used to control tick-borne diseases are:
-the value of h calculated from the animal infection rate at a determined age -the critical value of h for enzootic stability.
Analytic epidemiology

Tick infection rate
To understand the epidemiology of babesiosis, it is essential to know the infection rate of B. microplus.
The detection of Babesia kinetes in engorged B. microplus females is easier than the inspection of larvae. Females which had fed on cattle with low parasitaemia (not detectable on blood smears) 24 hours before tick dropping, had infected haemolymph 8, 9 and 10 days after dropping (34). Mahoney and Mirre (72) considered that this technique underestimated the number of infected females, but they examined the ticks only until day seven after dropping. In an epidemiological survey of three different situations, Guglielmone and colleagues (35) obtained coherent and similar results with the haemolymph technique and the serological technique.
The haemolymph technique can be partially quantified by counting the number of kinetes per microscopic field (34, 35). However, the relation between the number of kinetes and the percentage of infected larvae is not yet known.
Although Johnston (48) distinguished between kinetes of B. bovis and B. bigemina obtained from the field, the differences between the two are not always easy to detect; length cannot provide reliable criteria, as there is some overlap in size, and 19% of the B. bovis specimens obtained in Argentina do not have a curved tail, which is otherwise characteristic of this species and useful in differentiating it from B.
bigemina. Moreover, among highly infected ticks (>20 Babesia kinetes per microscope field of haemolymph) atypical specimens can be observed (Guglielmone, unpublished data).
Another aspect of the Boophilus-Babesia interaction concerns the pathological effect of Babesia on the tick. This effect was observed with B. bovis (27, 100), with B. bigemina (99) and with mixed infections (34) in B. microplus.
Similar effects were observed in B. annulatus (88) and B. decoloratus (145) . The pathological effects were noted after experimental infection; Guglielmone and colleagues (36) observed no detrimental effect on naturally infected B. microplus, even with high haemolymph infection. There could be an adaptative tolerance between local Boophilus and Babesia. There is no need for a pathogenic effect of Babesia on ticks to be considered in epidemiological surveys at present.
Cattle infestation rate
Unless the rate of tick infestation in cattle is known, no practical use can be made of the tick infection rate. A count of the female ticks 4.5 to 8 mm in length ("standard females") gives the number of ticks reaching the end of their cycle, because they will drop within a day (137) . Accurate data on this number and on the effect of the environment on free stages are essential in developing mathematical models for the Boophilus population. Data on free stages are already available for various countries of Latin America and the Caribbean, e.g. Argentina (45, 46), Brazil (70, 117) , Colombia (12), Cuba (20), Jamaica (98) and Uruguay (19, 81) .
In addition to the estimation of the number of animals seropositive to B. bovis and B. bigemina, the tick infestation rate and the tick infection rate, the following information is necessary to make an exhaustive study of the epizootiology of babesiosis. (75, 134) . This difference between the tick infection rate in B. taurus and B. indicus has a marked incidence on the epizootiology of babesiosis. Any survey should consider the proportion of B. indicus genes in herds and the reason why they were incorporated.
Acaricides: type, application method, rhythm and season
The majority of American countries use organophosphates, formamidines and pyrethroids as acaricides. But in Mexico and Cuba the only authorised products are one organophosphate and one pyrethroid; the others are kept for cases of tick resistance (130; Cordoves, unpublished data).
With regard to the epidemiology of babesiosis, the biggest difference between acaricides is their residual effect, which prevents the transmission of Babesia. Pyrethroids can persist for 15-21 days (76, 125) while organophosphates persist for only three days (10) . Ivermectin at a single dose of 0.2 µg/kg protects cattle for 21-28 days (83, 92, 111) ; this is a systemic acaricide, ingested with the blood by ticks, which may not prevent transmission of Babesia (especially B. bovis). Nevertheless, the tick population is progressively reduced by the acaricide. Taylor and colleagues (124) observed this phenomenon with B. divergens transmitted by Ixodes ricinus.
Acaricides are applied (in decreasing order) by dipping, stationary spraying (spray race) and manual spraying. Some pyrethroids can be used as dorsal "pour on" with the same efficiency as stationary spraying. They do not appear to have a systemic effect (82) . Surveys should take account of the number of annual treatments and the season of treatment. The effect on Babesia inoculation decreases according to the mode of treatment: prophylactic, threshold control or opportunist (84) .
Stocking rate and feed resources
The stocking rate directly influences the probability of B. microplus larvae meeting a host, and also the inoculation rate of Babesia.
The grazing system is also important. In some rotational grazing with Chloris gayana, for instance, pastures can remain without cattle for two to three months, thus reducing the B. microplus population (140) . Irrigation, however, favours the B. microplus cycle during the dry season; some pastures (Medicago sativa) for dairy cattle are irrigated in north-western Argentina and central Bolivia. The time necessary to establish annual grazing is long enough to destroy the larvae previously present. If infested cattle are introduced, larvae will appear just after the removal of cattle.
In some regions of Argentina where climatic conditions allow the development of three generations of B. microplus (46), important differences in the number of B. microplus were observed between farms, apparently induced by different practices of annual grazing (101, 118) . Details of the feeding system should be included in a survey on babesiosis.
Climatic data
The climate influences the longevity of larvae and the number of annual generations of B. microplus (122) . Transovarian transmission of Babesia (99) and the percentage of infected larvae are also affected by climatic factors (24). As part of an epidemiological study on babesiosis, such data as the temperature, minimum and maximum relative humidity and daily rainfall at ground level in the region should be collected.
Historical information is considered sufficient in order to predict the probability of babesiosis occurrence.
Other factors
Some grasses, such as Melinis minutiflora and Stylosanthes scabra, possess larvicidal properties against Boophilus (47, 123). However, they are both repellent (85, 108) , which may counterbalance the first effect, except in pure cultivation. Studies to evaluate anti-tick grasses have not clarified the situation. Thompson and colleagues (129) concluded that M. minutiflora and Andropogon gayanus have an anti-tick action, but no statistical analysis was performed. Apparently Cynodon dactylon was better than A. gayanus and perhaps even better than M. minutiflora.
In a study by Aycardi and colleagues (9) , the effect of the stocking rate could not be separated from the effect of anti-tick grass. Wilson and Sutherst (143) demonstrated that B. microplus larvae do not stay clear of S. scabra when the branches lack exudate, during the vegetative growth or after disease or grazing. However, the larvae will have difficulty reaching a host if the branches are surrounded with young exudate branches. A legume such as S. scabra is a very good feed and will continue to be used more widely (32). However, it seems too early to include a relevant effect of grasses on Boophilus population in an epizootiological survey. In the same way, other factors appear to have a limited effect on the tick population: in 1973, the cattle egret Bubulcus ibis, a native of Africa, was observed in Rio Grande do Sul (Brazil) and northern Argentina for the first time; four birds killed in Brazil had ingested a total of 132 ticks (5) but, in Cuba, Cordoves (unpublished data) observed that the impact of the cattle egret on B. microplus was not significant; -Pheidole megacephala ants eat engorged B. microplus females, but more than 1,000 ants are necessary to eat one female (135) and they do not affect the natural population of B. microplus (Cordoves and Vitorte, unpublished data); tick parasites have a low pathological incidence (10).
However, Sutherst and colleagues (123) pointed out that piedation of engorged females of B. microplus was a major factor affecting the dynamics of the tick population in Australia.
Conclusion
To determine the risk of occurrence of babesiosis, a simple serological survey is sufficient.
However, an understanding of the relevant factors leading to outbreaks requires complex studies of tick infection rate, cattle infestation rate, genetic composition of cattle, acaricides, stocking rate, climatic data and other factors.
ANAPLASMOSIS
The causal agent of anaplasmosis is a rickettsia (136) taxonomically distant from the protozoans which produce babesiosis. However, both agents share some epizootiological characteristics.
Similarities with babesiosis
The most significant aspect is the similar geographical distribution of babesiosis and anaplasmosis in Australia (112), South Africa (95) and Uruguay (14) . However, in the USA babesiosis is an exotic disease, while anaplasmosis has an important economic impact (3, 146) .
In Argentina, babesiosis occurs over an area containing approximately 12 million head of cattle, whereas outbreaks of anaplasmosis occur in an area containing 18 million head (33, 38).
In areas where both diseases are present, the seasonal distribution is similar, the anaplasmosis peak appearing a few weeks after the babesiosis peak (119) . Young cattle are considered more resistant to a first infection by anaplasmosis (89, 103) . However, Hosokama (43) and Otte and Perez (87) indicated that anaplasmosis can cause severe disease in calves in some regions of South America.
After the initial infection, a solid immunity is developed, lasting throughout the economic life of cattle. The concept of enzootic stability used for babesiosis can, therefore, also be applied to anaplasmosis (142) .
Parker and colleagues (89) observed a milder anaplasmosis infection in B. indicus cattle than in B. taurus, while other authors did not find any difference (8, 63, 141) . Parasitaemia with A. marginale is modified by the genotype, B. indicus cattle generating a lower inoculation rate than B. taurus (1, 6) .
A sizeable interval between rotational grazing periods, in addition to dipping, affected the inoculation rate of B. bovis, B. bigemina and also A. marginale in Queensland (49).
The similarities between babesiosis and anaplasmosis are also reflected in the close correlation between the seroprevalence of B. bovis and A. marginale (r -0.78) observed in two milk sheds in northern Argentina (39) and Mexico (126) , where both diseases appear to have had the same reactions to a similar environment.
Differences from babesiosis
There are also evident differences between the two diseases. In Argentina, an outbreak of anaplasmosis was recently diagnosed at a latitude of 35°5 (Galleto, personal communication), and in countries such as El Salvador (91) and Cuba (23) anaplasmosis appears to be of major importance compared to babesiosis.
It is astonishing that for a disease of increasing importance which affects both developed and developing countries, there has been no quantification of the most relevant epidemiological factors for anaplasmosis. This is due to a lack of information on anaplasmosis vectors and the means of transmission and infection of the vectors. A significant example is provided by Dallwitz and colleagues (25) who claimed that the tick infection rate with A marginale in enzootic areas can reach 100%, without indicating the origin of their observations.
Transmission modalities
In fact, the conditions and importance of tick transmission of A. marginale have not been fully evaluated. Connell (21) indicated that B. microplus was able to transmit the infection until at least two hours after an interruption in its cycle. This factor was used to obtain pure strains of A. marginale from cattle with mixed infections (24). Although B. microplus is a single-host tick, providing no opportunity for intrastadial or transstadial transmission of A. marginale under natural conditions, exceptions have been recorded (13, 22, 77) ; however, the importance of these exceptions was not evaluated. In Argentina, eleven B. microplus infested calves and six tick-free calves were maintained for eight days on a tick-free pasture: the total infestation of the infested group was 2,450 females (4.5 to 8 mm) and 2,450 males. In the tick-free group, one calf was infested by a single B. microplus on the sixth day (Guglielmone and Mangold, unpublished data). Numerous other tick species were involved in the experimental transmission of A. marginale. Some, such as Argas persicus (44), are seldom linked with cattle. However, substantial advances have been made regarding knowledge on the development and transmission of A. marginale in ticks of the genus Dermacentor, present in North America.
Boophilus
Dermacentor
Initially, A. marginale was demonstrated in the midgut of two Dermacentor species and was differentiated from symbiotic rickettsiae (52). The infectivity of A. marginale was observed in cattle (51) and the morphology in adult ticks (54) and nymphs. Similar colonies were demonstrated in South African Rhipicephalus simus (96) . A. marginale is not transmitted transovarially in Dermacentor (53). A direct relation was proved between parasitaemia of cattle and tick infection (53, 55). A. marginale can develop not only in the gut of D. andersoni (57) but also in the haemolymph (56) and is observed in the salivary glands (121) of the tick. The number of colonies in the tick midgut decreases with time (59) but colonies persist for twelve months in overwintering D. variabilis (68) .
It must be stressed that not every A. marginale isolate can be transmitted by Dermacentor (58) , and that the presence or absence of an appendix does not indicate the capacity to infect ticks or not (138) .
These important discoveries had no impact on the quantitative aspects of anaplasmosis epidemiology. The use of DNA probes (4) will soon allow the detection of A. marginale in cattle and ticks (both Dermacentor and Boophilus).
However, other vectors are also implicated in transmission of A. marginale.
Haematophagous Diptera
Haematophagous Diptera are considered relevant vectors of A. marginale. In Texas, Alderink and Dietrich (3) linked tabanids to the anaplasmosis outbreaks which occurred in summer, and mosquitoes to the outbreaks in autumn.
A considerable number of haematophagous Diptera seem able to transmit A. marginale to cattle, but there is a consensus to consider Tabanidae as the major vectors (144) . Howell and colleagues (44) indicated that thirteen Tabanus oklahomensis bites were necessary to infect each susceptible head of cattle, and a similar number was observed by Hawkins and colleagues (41), who studied four Tabanus species. The former authors observed that the maximum interval between two bites was five minutes, but the latter reported the maximum time as two hours. Diptera probably play an important role in anaplasmosis transmission, even in areas where ticks are considered vectors. The annual incidence rate of A. marginale in northern Queensland fluctuated between 10% and 70% (61, 90) indicating that the presence of B. microplus alone cannot ensure a high rate of A. marginale transmission (142) . Perez and colleagues (93) pointed out the lack of concordance between the population of B. microplus and outbreaks of anaplasmosis in Costa Rica.
The close relation between seroprevalence of B. bovis and A. marginale could mean that A. marginale has different vectors from B. bovis but the same seasonal variations. Rios and colleagues (102) determined similar A. marginale infection rates in two adjacent farms: B. microplus were present almost the whole year round on one of the farms, while the other was almost entirely free from ticks.
Other aspects
Iatrogenic transmission should also be considered (28, 80).
Moreover, unlike babesiosis in cattle, various woodland vertebrates seem to be important natural reservoirs of A. marginale in some regions (62) : water buffalo, bison, African antelope, gnu, blesbok, duiker, American deer, Virginia white-tailed deer, elk, camel and wildebeest. Vertical transmission of A. marginale from cow to calf is considered to have an epidemiological importance by Potgieter and Van Rensburg (97) and Cordoves (unpublished data).
Conclusion
It seems unjustified to attempt to understand the epidemiology of anaplasmosis as a tick-borne disease. It would be a considerable task to incorporate into such a study all the parameters which seem to be involved in the epidemiology of the disease.
For instance, a study on mosquitoes in an area of Argentina which partially coincided with the region infected with anaplasmosis resulted in the determination of eighteen different species (79) . The difficulties to be overcome in understanding anaplasmosis epidemiology include the great diversity of haematophagous Diptera in Latin America and the scarcity of data on their role as anaplasmosis vectors and their host preferences. As a first step, a pilot survey should be undertaken in a limited area.
For anaplasmosis, unlike babesiosis, the lack of basic information prevents an understanding of the natural causes which determine occurrence of the disease.
However, the risk of anaplasmosis occurrence can be predicted, as for babesiosis, from the calculation of h values from I and t values gathered by simple serological surveys (87, 126) .
CONCLUSION
The two different objectives of a study on the epidemiology of babesiosis and anaplasmosis are:
-to determine the risk of occurrence to understand the relevant factors leading to outbreaks.
The first objective is relatively simple to achieve for both diseases by calculating the inoculation rate, h. This should be done in every country where babesiosis and anaplasmosis pose a threat, in order to adapt tick and disease control to every situation.
The second objective requires exhaustive and complex studies. It should be recommended first in limited regions or on islands with a limited number of species of haematophagous Diptera (in the case of anaplasmosis). Biotechnological tools, such as DNA probes and the polymerase chain reaction, will certainly facilitate these investigations. 
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